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ABSTRACT 

A l t h o u g h  m e t h a n o l  i s  t h o u g h t  t o  b e  a n  e x c e l l e n t  a u t o m o t i v e  
f u e l ,  i t  h a s  a smaller  v o l u m e t r i c  f u e l  v a l u e  t h a n  g a s o l i n e .  
T h e  c a t a l y t i c  d e c o m p o s i t i o n  o f  m e t h a n o l  i n t o  s y n g a s ,  p r i o r  t o  
i t s  c o m b u s t i o n  i n  t h e  e n g i n e ,  i m p r o v e s  i t s  f u e l  v a l u e  by  
a p p r o x i m a t e l y  1 4 % .  P a l l a d i u m  a n d  p l a t i n u m  o n  m o d i f i e d  a l u m i n a  
s u p p o r t s  d e m o n s t r a t e  t h e  n e c e s s a r y  q u a l i t i e s  f o r  t h i s  p r o c e s s .  
T h e  c a t a l y t i c  a c t i v i t y  a n d  t h e r m a l  s t a b i l i t y  o f  p a l l a d i u m  is  
s t r o n g l y  a f f e c t e d  by t h e  n a t u r e  o f  t h e  c a t a l y s t  s u p p o r t  u s e d .  
A gamma-a lumina  s u p p o r t  was m o d i f i e d  w i t h  t h e  o x i d e s  o f  L i ,  Mg, 
C s ,  a n d  La .  T h e  e f f e c t  o f  t h e  m o d i f i e d  s u p p o r t  on t h e  
a c t i v i t y ,  s e l e c t i v i t y ,  a n d  t h e r m a l  s t a b i l i t y  o f  t h e  p a l l a d i u m  
m e t a l  was s t u d i e d  d u r i n g  e x p o s u r e  t o  a t h e r m a l  c y c l e  o f  300, 
500, a n d  30OoC. T h e  p r o f o u n d  d i f f e r e n c e  i n  c a t a l y s t  b e h a v i o r  
may b e  d u e  t o  s t r o n g  m e t a l - s u p p o r t  i n t e r a c t i o n s ,  t o  v a r i a t i o n s  
i n  metal d i s p e r s i o n ,  or t o  c h e m i c a l  a l t e r a t i o n  o f  t h e  
p a l l a d i u m .  I n  o r d e r  t o  d e t e r m i n e  t h e  c h e m i c a l  s t a t e  o f  t h e  
p a l l a d i u m  metal a n d  t h e  m o d i f i e d  s u p p o r t  b e f o r e  a n d  a f t e r  
t e s t i n g ,  t h e  c a t a l y s t s  were c h a r a c t e r i z e d  b y  TPD, X R D ,  XPS, a n d  
v o l u m e t r i c  c h e m i s o r p t i o n  t e c h n i q u e s .  

INTRODUCTION 

M e t h a n o l  i s  a v a i l a b l e  f r o m  r e n e w a b l e  s o u r c e s ,  s u c h  a s  
b i o m a s s ,  or f r o m  n o n - p e t r o l e u m  s o u r c e s ,  s u c h  a s  c o a l .  For t h i s  
r e a s o n  i t  i s  c o n s i d e r e d  a n  a t t r a c t i v e  a l t e r n a t i v e  t o  g a s o l i n e  
a s  a n  a u t o m o t i v e  f u e l .  H o w e v e r ,  i t  s u f f e r s  t h e  d i s a d v a n t a g e  o f  
h a v i n g  a l o w e r  e n t h a l p y  c o n t e n t  t h a n  g a s o l i n e ,  w h i c h  t r a n s l a t e s  
i n t o  l e s s  m i l e a g e  p e r  g a l l o n  o f  f u e l ( 1 ) .  T h e  p o t e n t i a l  f u e l  
v a l u e  o f  m e t h a n o l  c a n  b e  i m p r o v e d  by c a t a l y t i c a l l y  d e c o m p o s i n g  
i t  i n t o  s y n g a s  p r i o r  t o  i t ' s  c o m b u s t i o n  i n  a n  i n t e r n a l  
c o m b u s t i o n  e n g i n e .  S y n g a s ,  w h i c h  i s  a l s o  r e f e r r e d  t o  a s  
d i s s o c i a t e d  m e t h a n o l ,  h a s  a p p r o x i m a t e l y  a 14X h i g h e r  e n t h a l p y  
c o n t e n t  t h a n  m e t h a n o l .  T h e  c o m b u s t i o n  e n t h a l p i e s  f o r  m e t h a n o l ,  
s y n g a s  (2CO + 4 H 2 ) ,  a n d  d i m e t h y l  e t h e r  ( a  s i d e  p r o d u c t  o f  
m e t h a n o l  d e c o m p o s i t i o n )  i s  g i v e n  i n  T a b l e  I .  A C h e v r o l e t  
C i t a t i o n  a n d  a F o r d  E s c o r t  h a v e  b e e n  r e t r o f i t t e d  w i t h  c a t a l y t i c  
c o n v e r t e r s  i n  o r d e r  t o  d e m o n s t r a t e  t h e  f e a s i b i l i t y  o f  t h i s  
p r o c e s s .  A s c h e m a t i c  o f  t h e  a u t o m o t i v e  s y s t e m  i s  s h o w n  i n  
F i g u r e  1. T h e  d e s i g n  a n d  t e s t i n g  o f  t h i s  s y s t e m  was c a r r i e d  
o u t  a t  t h e  S o l a r  E n e r g y  R e s e a r c h  I n s t i t u t e  ( S E R I ) .  A m o r e  
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detailed description of .the automotive system employed in these 
studies is available in the literature(2). 

At the time this study was initiated, no catalyst had been 
designed specifically for the decomposition of methanol into 
syngas in an automotive converter. I n  order to find an 
effective catalyst for this process, the following catalyst 
requirements were defined. First, the catalyst must demostrate 
good selectivity for syngas over a large temperature range. 
Second, the catalyst should be able to withstand high 
temperatures without deactivating. Third, the catalyst should 
show significant activity at low temperatures. Forth, the 
catalyst should be mechanically strong. Fifth, the catalyst 
cost should be reasonable. Several catalysts were prepared by 
placing active metals ( C u ,  Ni, Pd, and Pd) o n  a variety,of 
supports (magnesia, silica, alumina) were tested and the 
results were compared with those obtained from several 
commercial formulations(3). All of the commercial formulations 
failed either the first, second o r  fourth requirements or a 
combination of those requirements. Palladium and platinum were 
found to be the best metals for the decomposition of methanol 
and alumina was found to be the best support, however, the 
alumina support is also active for the dehydration of methanol 
into dimethyl ether, which is an undesirable side reaction. 
Therefore, several catalysts were prepared in our  laboratory in 
which active metals were impregnated onto a variety of modified 
gamma-alumina supports. The modified supports have a marked 
effect on  the activity, selectivity, and thermal stability of 
some metals and little effect o n  others. 

The objective of this study is to establish the function 
of these modified supports in controlling the behavior of the 
active metal. Many of the initial test and characterization 
results have been reported in the literature(3.4). However, 
some of the more interesting catalysts have been studied and 
characterized in more detail and are discussed below. 

EXPERIMENTAL 

The catalysts were tested under the same temperature and 
flow conditions that would be experienced in the automotive 
system. The tests were conducted in a microcatalytic plug-flow 
reactor. Methanol was pumped into a heated inlet and 
vaporized. The catalyst was mounted o n  a fritted disk in a 
quartz tube. The methanol vapor was passed over the catalyst 
bed and the decomposition products were introduced by a gas 
sampling valve into a gas chromatograph. The gas chromatograph 
was equipped with a thermal conductivity detector and'a 9 ft. x 
1/8 inch stainless steel column packed with Poropack Q. 
Hydrogen analysis was accomplished by using a 5% hydrogen in 
helium carrier gas and a subambient program. 

gamma-alumina support with a solution containing the nitrate 
salt of the desired modifying agent. Subsequently, the 
modified supports were dried at 1 5 O o C ,  calcined at 5 5 O o C ,  and 

The modified supports were prepared by impregnating a 
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i m p r e g n a t e d  w i t h  a s o l u t i o n  c o n t a i n i n g  e i t h e r  t h e  n i t r a t e  o r  
c h l o r i d e  s a l t s  o f  p a l l a d i u m  o r  p l a t i n u m .  T h e  d r y i n g  a n d  
c a l c i n i n g  s t e p s  were r e p e a t e d  f o r  t h e  f i n i s h e d  c a t a l y s t .  T h e  
c a t a l y s t s  were a c t i v a t e d  i n  t h e  r e a c t o r  u n d e r  a f l o w  of  
h y d r o g e n  a t  3OO0C f o r  1 h o u r  a n d  a t  4OO0C f o r  1 h o u r  p r i o r  t o  
t e s t i n g .  

A p p r o x i m a t e l y  0.4 g r a m s  o f  14-20 m e s h  c a t a l y s t  p a r t i c a l s  
w e r e  t e s t e d  i n  e a c h  r u n ,  u s i n g  a m e t h a n o l  f l o w  r a t e  o f  0.19 g 
MeOH/g c a t . - h r .  T h e  m e t h a n o l  w a s  d i s t i l l e d  o v e r  m a g n e s i u m  
t u r n i n g s  a n d  s t o r e d  o v e r  5 A  m o l e c u l a r  s i e v e  b e f o r e  u s e .  Ul t ra  
h i g h  p u r i t y  h y d r o g e n  was p a s s e d  o v e r  a M a t h e s o n  M o d e l  450 
p u r i f  e r .  

T h e  t o t a l  c a t a l y s t  s u r f a c e  a r e a s  were o b t a i n e d  u s i n g  
c o n v e n t i o n a l  BET m e t h o d s ,  T h e  a c t i v e  me ta l  s u r f a c e  a r e a s  w e r e  
o b t a i n e d  w i t h  a v o l u m e t r i c  a p p a r a t u s  u s i n g  h y d r o g e n  
c h e m i s o r p t i o n ,  c a r b o n  m o n o x i d e  c h e m i s o r p t i o n ,  a n d  
h y d r o g e n - o x y g e n  t i t r a t i o n  t e c h n i q u e s .  

g r a m s  of  t h e  c a t a l y s t  w e r e  r e d u c e d  i n  h y d r o s e n  a t  400 o r  500 OC 

f o r  2 h o u r s .  T h e  h y d r o g e n  was s t r i p p e d  f r o m  t h e  c a t a l y s t  
s u r f a c e  i n  a h e l i u m  f o r  1 5  m i n .  a n d  t h e n  c o o l e d  i n  h e l i u m  t o  
O°C. S u b s e q u e n t l y ,  s e v e r a l  p u l s e s  o f  c a r b o n  m o n o x i d e  were 
i n t r o d u c e d  u n t i l  t h e  s u r f a c e  w a s  s a t u r a t e d .  The  t e m p e r a t u r e  
d e s o r p t i o n  p r o f i l e  was o b t a i n e d  by i n c r e a s i n g  t h e  t e m p e r a t u r e  
a t  a r a t e  of 25 'C/min.  a n d  a n a l y z i n g  t h e  d e s o r p t i o n  p r o d u c t s  i n  
a q u a d r a p o l e  mass s p e c t r o m e t e r .  T h e  t e m p e r a t u r e  p r o g r a m m e d  
d e s o r p t i o n  a p p a r a t u s  i s  v e r y  s i m i l a r  t o  t h a t  u s e d  by o t h e r  
r e s e a r c h e r s ( 5 ) .  All t h e  g a s e s  u s e d  d u r i n g  t h e  c h a r a c t e r i z a t i o n  
s t u d i e s  w e r e  o f  U l t r a  H i g h  P u r i t y  g r a d e  a n d  t h e y  were f u r t h e r  
p u r i f i e d  t o  r e m o v e  t r a c e s  o f  o x y g e n ,  water a n d  o t h e r  
i m p u r i t i e s .  

T h e  c a t a l y s t s  were a l s o  c h a r a c t e r i z e d  b e f o r e  a n d  a f t e r  
t e s t i n g  u s i n g  a R i g a k u  x - r a y  d i f f r a c t o m e t e r ,  a P e r k i n  E l m e r  
5000 a t o m i c  a b s o r p t i o n  s p e c t r o m e t e r ,  a n d  a S u r f a c e  S c i e n c e  
SSX-100 x - r a y  p h o t o e l e c t r o n  s p e c t r o m e t e r .  

F o r  t h e  t e m p e r a t u r e  p r o g r a m m e d  d e s o r p t i o n  s t u d i e s ,  0.4 

RESULTS AND D I S C U S S I O N  

C a t a l y s t  T e s t i n  
A l l  c a t a l y s g t s  were t e s t e d  a t  3OO0C, t h e  a v e r a g e  o p e r a t i n g  

t e m p e r a t u r e  of  t h e  c o n v e r t e r ,  a n d  a t  500 o r  550°C t o  s i m u l a t e  a 
h i g h  t e m p e r a t u r e  e x c u r s i o n .  S u b s e q u e n t l y ,  t h e  t e m p e r a t u r e  was 
l o w e r e d  t o  3OO0C t o  c h e c k  f o r  p o s s i b l e  c a t a l y s t  d e a c t i v a t i o n .  
T h e  r e s u l t s  of t h e s e  t e s t s  a r e  g i v e n  i n  T a b l e  11. E a c h  
c a t a l y s t  c o n t a i n s  a p p r o x i m a t e l y  5 w t . %  o f  t h e  metal o x i d e  
m o d i f y i n g  a g e n t  a n d  a 0 .5  w t %  Pd o r  P t .  T h e  m o d i f y i n g  a g e n t s  
L i  0 ,  MgO, Cs 0 ,  a n d  La O3 a r e  r e p r e s e n t e d  i n  T a b l e  I1 a s  L i ,  
Mg? a n d  L a .  ? h e  gamma-21 0 s u p p o r t  i s  r e p r e s e n t e d  a s  A l .  T h e  
p r o d u c t s  o b s e r v e d  i n  these2 zests were h y d r o g e n ,  c a r b o n  
m o n o x i d e ,  m e t h a n e ,  c a r b o n  d i o x i d e ,  w a t e r ,  d i m e t h y l  e t h e r ,  a n d  
u n c o n v e r t e d  m e t h a n o l .  T h e  m o l e  % p r o d u c t s  i n  T a b l e  I1 a re  
r e p o r t e d  on a h y d r o g e n  f r e e  b a s i s .  

To b e g i n  w i t h  w e  w i l l  o n l y  c o n s i d e r  t h e  i n i t i a l  a c t i v i t y  
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of the catalysts at 3OO0C prior to a high temperature excursion 
at 55OoC. The alumina support (Al) shows almost no activity 
for the formation of the desired CO decomposition product, but 
is very active for the formation of dimethyl ether. The 
formation of dimethyl ether is an exothermic reaction and 
should be avoided. In the case of the Pd-A1 and Pt-A1 
catalysts, it is obvious that the metal plays the primary role 
in the production of CO, however, the dehydration activity of 
the support is still apparent. For those catalysts using the 
modified supports, Pd-Li-Al, Pd-Mg-Al, Pd-La-Al, Pt-Li-Al, 
Pt-Mg-Al, and Pt-La-A1 the dehydration activity of the 
catalysts has been eliminated or reduced to an acceptable 
level. It is interesting to note that the modified supports 
have a pronounced effect on the initial activity o f  the Pd 
metal as indicated by the production of CO, with the Pd-Li-A1 
showing the lowest activity and the Pd-La-A1 showing the 
highest activity. On the other hand, the initial activity of 
the Pt metal does not appear to be influenced by the nature of 
the modifier used. 

At 550°C, the modified supports have a pronounced effect 
on the catalyst selectivity. All the Pt catalysts and the 
Pd-La-A1 catalyst produce substantial amounts of methane, 
carbon dioxide, and water, while the Pd-A1, Pd-Li-Al, and 
Pd-Mg-A1 catalysts are quite selective for the desired CO 
product. These results suggest that the latter catalysts have 
thermally deactivated and the resultant activity and 
selectivity is really due to the support and not the metal. 

The final activity at 3OO0C, after testing at 5 5 0 ° C ,  shows 
all of the Pd catalysts (with exception of the 3 %  Pd catalyst) 
have thermally deactivated, while the Pt catalysts show no 
deactivation or an increase in activity. 

containing approximately 3 wtX Pd, and the results are shown in 
Table 111. In these tests the hydrogen analysis was included. 
The effects of the modified supports on the initial and final 
activities of the catalysts is obvious, with the Pd-La-A1 
catalyst representing the best case and the Pd-Li-A1 catalyst 
the worst case. The Pd-La-A1 catalyst appears to experience a 
slight loss in activity after a thermal cycle. However, 
exposing the Pd-La-A1 catalyst to repeated thermal cycling over 
a three day period resulted in no further deactivation. This 
catalyst was selected for use in the "dissociated methanol car" 
and has fullfilled all the catalyst requirements with exception 
of the cost of the material. In any case, it has allowed the 
feasiblity of the process to be demonstrated in an automobile. 

Catalvst Characterization 
The modified supports have a marked influence on the 

catalyst activity, selectivity and thermal stability. Modified 
alumina supports may have an important impact on the behavior 
of metals other than Pd and Pt. The effects of these modified 
supports may extend to other important chemical reactions which 
involve hydrogenolysis, dissociation, or hydrogenation steps, 

The catalyst testing was extended to modified catalysts 
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s u c h  a s ,  F i s c h e r  T r o p s c h ,  a n d  m e t h a n o l  s y n t h e s i s .  I n  o r d e r  t o  
u n d e r s t a n d  t h e  r o l e  o f  t h e  m o d i f i e d  s u p p o r t  i n  c o n t r o l l i n g  t h e  
b e h a v i o r  o f  t h e  a c t i v e  me ta l  c o m p o n e n t ,  s e l e c t e d  c a t a l y s t s  w e r e  
c h a r a c t e r i z e d  u s i n g  b o t h  b u l k  a n d  s u r f a c e  t e c h n i q u e s .  S i n c e  
t h e  Pd-Li-A1 a n d  t h e  Pd-La-A1 c a t a l y s t s  r e p r e s e n t  t h e  most 
e x t r e m e  cases i n  a c t i v i t y ,  s e l e c t i v i t y  a n d  t h e r m a l  s t a b i l i t y ,  
t h e y  were s e l e c t e d  f o r  f u t h e r  d e t a i l e d  s t u d i e s .  

c o u l d  r e s u l t  f r o m  o n e  o f  t h e  f o l l o w i n g  p r o c e s s e s :  
T h e  c o m p l e t e  t h e r m a l  d e a c t i v a t i o n  o f  t h e  Pd-Li-A1 c a t a l y s t  

1 )  L o s s  o f  t o t a l  s u r f a c e  a r e a  d u e  t o  s u p p o r t  s i n t e r i n g .  
2 )  Loss o f  t o t a l  s u r f a c e  a r e a  d u e  t o  p o r e  b l o c k a g e .  
3) L o s s  of  t h e  a c t i v e  Pd  metal  f r o m  t h e  c a t a l y s t .  
4 )  S i n t e r i n g  o f  t h e  metal c r y s t a l l i t e s .  
5) M i g r a t i o n  o f  t h e  metal i n t o  t h e  s u p p o r t .  
6 )  C o v e r i n g  t h e  a c t i v e  metal  w i t h  a n  i n a c t i v e  m a t e r i a l .  
7 )  F o r m a t i o n  o f  a new i n a c t i v e  Pd compound .  

T h e  f i r s t  two  p o s s i b l i t i e s  were e l i m i n a t e d  by m e a s u r i n g  t h e  
t o t a l  s u r f a c e  a r ea  o f  t h e  f r e s h  a n d  r e d u c e d  Pd-Li-A1 c a t a l y s t  
u s i n g  t h e  BET m e t h o d .  T h e r e  was no s i g n i f i c a n t  c h a n g e  i n  t h e  
t o t a l  s u r f a c e  a r e a  a n d  t h e  r e s u l t s  a r e  g i v e n  i n  T a b l e  I V .  

T h e  m e t a l  c o n t e n t  o f  t h e  f r e s h ,  r e d u c e d  a n d  t e s t e d  
c a t a l y s t s  were d e t e r m i n e d  u s i n g  a t o m i c  a d s o r p t i o n  a n d  t h e  
r e s u l t s  a r e  a l s o  g i v e n  i n  T a b l e  I V .  I t  i s  a p p a r e n t  t h a t  t h e  
a c t i v e  m e t a l  d o e s  i n d e e d  r e m a i n  w i t h  t h e  c a t a l y s t .  

B r o a d e n i n g  o f  t h e  Pd l i n e s  i n  x - r a y  d i f f r a c t i o n  w o u l d  
s u g g e s t  s i n t e r i n g  o f  t h e  metal  c r y s t a l l i t e s  was i n v o l v e d .  T h e  
X R D  s p e c t r a  f o r  b o t h  t h e  r e d u c e d  a n d  t e s t e d  Pd-Li-A1 c a t a l y s t  
i s  shown i n  F i g u r e  2 .  T h e r e  i s  no e v i d e n c e  of l i n e  b r o a d e n i n g ,  
h o w e v e r ,  a l l  t h e  p a l l a d i u m  l i n e s  o f  t h e  t e s t e d  c a t a l y s t  h a v e  
s h i f t e d  t o  l o w e r  28 v a l u e s .  T h i s  s u g g e s t s  t h a t  e i t h e r  a new 
compound h a s  b e e n  f o r m e d  o r  t h a t  t h e  Pd l a t t i c e  h a s  e x p a n d e d ,  
p o s s i b l y  d u e  t o  t h e  p a l l a d i u m  f o r m i n g  a s o l u t i o n  w i t h  a n o t h e r  
e l e m e n t .  T h e s e  r e s u l t s  w o u l d  a l s o  a r q u e  a g a i n s t  t h e  m i g r a t i o n  
o f  t h e  Pd metal i n t o  t h e  s u p p o r t  a s  a c a u s e  f o r  t h e  t h e m a l  
d e a c t i v a t i o n .  

T h e  c a t a l y s t  d e a c t i v a t i o n  was a l s o  f o u n d  t o  b e  r e v e r s i b l e ,  
a s  shown  i n  F i g u r e  3. A l t h o u g h  t h e  c a t a l y s t  was d e a c t i v a t e d  a t  
h i g h  t e m p e r a t u r e s ,  i t s  a c t i v i t y  c o u l d  b e  r e s t o r e d  by 
r e c a l c i n i n g  t h e  c a t l y s t  i n  a i r  a n d  r e d u c i n g  i n  h y d r o g e n .  T h e  
c a t a l y s t  d e m o n s t r a t e d  a n  a c t i v i t y  a l m o s t  i d e n t i c a l  t o  i t s  
i n i t i a l  a c t i v i t y .  H o w e v e r ,  t h e  c a t a l y s t  was a g a i n  d e a c t i v a t e d  
a f t e r  a t h e r m a l  c y c l e .  T h i s  r e s u l t  s t r o n g l y  a r q u e s  a g a i n s t  
m i g r a t i o n  o f  t h e  Pd me ta l  i n t o  t h e  s u p p o r t ,  w h i c h  s h o u l d  be a n  
i r r e v e r s i b l e  p r o c e s s .  I t  a l s o  s u g g e s t s  t h a t  t h e  e l e m e n t  w h i c h  
i s  c a u s i n g  t h e  d e a c t i v a t i o n  i s  e a s i l y  r e m o v e d  by t r e a t m e n t  w i t h  
o x y g e n ,  a n  e x a m p l e  o f  s u c h  a n  e l e m e n t  w o u l d  b e  c a r b o n .  

a n d  Pd-La-A1 c a t a l y s t s  i s  shown  i n  F i g u r e  4 .  T h e s e  s u r v e y  
s c a n s  p r o v i d e d  i n f o r m a t i o n  a b o u t  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  
t h e  c a t a l y s t  s u r f a c e s  b e f o r e  a n d  a f t e r  t e s t i n g ' .  T h e  p e a k s  o f  
most i n t e r e s t  a r e  t h e  Pd 3d  p e a k s .  For t h e  Pd-La-A1 c a t a l y s t  
t h e  Pd is  p r e s e n t  a t  t h e  s u r f a c e  o f  t h e  f r e s h ,  r e d u c e d ,  a n d  
t e s t e d  c a t a l y s t .  I n  f a c t ,  t h e  Pd s i g n a l  i s  i n h a n c e d  a f t e r  

XPS a n a l y s i s  o f  t h e  f r e s h ,  r e d u c e d ,  a n d  t e s t e d  Pd-Li-A1 

128 



t e s t i n g .  On t h e  o t h e r  h a n d ,  t h e  Pd-L i -A1  c a t a l y s t  s h o w s  t h a t  
t h e  Pd s i g n a l  h a s  a lmos t  d i s a p e a r e d  o n  t h e  t e s t e d  c a t a l y s t .  
T h i s  w o u l d  s u g g e s t  t h a t  t h e  c a t a l y s t  i s  b e i n g  c o v e r e d  by some  
o t h e r  e l e m e n t .  T h e  c a r b o n  s i g n a l ,  j u s t  t o  t h e  r i g h t  o f  t h e  Pd 
p e a k ,  a p p e a r s  t o  i n c r e a s e  o n  t h e  Pd-Li-A1 c a t a l y s t  b u t  n o t  f o r  
t h e  Pd-La-A1 c a t a l y s t .  A d e p t h  p r o f i l e  o f  t h e  s u r f a c e  was 
o b t a i n e d  by s p u t t e r i n g  t h e  s u r f a c e  w i t h  a r g o n  i o n s .  T h e  
r e s u l t s  a r e  shown  i n  F i g u r e s  6 a n d  7 .  T h e  Pd s i g n a l  f o r  t h e  
Pd-Li-A1 c a t a l y s t  i n c r e a s e d  a s  t h e  s u r f a c e  was s p u t t e r e d  a w a y ,  
w h i l e  t h e  c a r b o n  s i g n a l  d i s a p p e a r e d  a t  t h e  same t ime.  T h e  
Pd-La-A1 c a t a l y s t  s h o w e d  l i t t l e  e f f e c t  w i t h  s p u t t e r i n g  o f  t h e  
s u r f a c e .  

F i n a l l y ,  t e m p e r a t u r e  p r o g r a m m e d  d e s o r p t i o n / r e a c t i o n  o f  
c a r b o n  m o n o x i d e  f r o m  t h e  s u r f a c e  was c o n d u c t e d  t o  s t u d y  t h e  
a b i l i t y  o f  t h e  t w o  c a t a l y s t s  t o  d i s p r o p o r t i o n a t e  c a r b o n  
m o n o x i d e  i n t o  c a r b o n  d i o x i d e  a n d  c a r b o n .  T h e  
d i s p r o p o r t i o n a t i o n  r e a c t i o n  may b e  t h e  p r i m a r y  s o u r c e  o f  t h e  
c a r b o n  f o r  t h e  d e a c t i v a t i o n  of  t h e  Pd-Li-A1 c a t a l y s t ,  see  
F i g u r e  5 .  I t  is a p p a r e n t  t h a t  much m o r e  c a r b o n  d i o x i d e  i s  
p r o d u c e d  o v e r  t h e  Pd-Li-A1 c a t a l y s t  a n d  t h e  r e a c t i o n  t a k e s  
p l a c e  a t  a much l o w e r  t e m p e r a t u r e .  T h i s  s u g g e s t s  t h a t  t h e  
m o d i f i e d  s u p p o r t s  h a v e  a p r o n o u n c e d  e f f e c t  o n  t h e  s u r f a c e  
a c t i v i t y  o f  t h e  Pd m e t a l .  

SUMMARY 

T h e  a c t i v i t y ,  s e l e c t i v i t y ,  a n d  t h e r m a l  s t a b i l i t y  o f  Pd 
metal  i s  s t r o n g l y  i n f l u e n c e d  by t h e  u s e ' o f  t h e  m o d i f i e d  
s u p p o r t s .  T h i s  s u g g e s t s  t h a t  e i t h e r  t h e  m o d i f i e d  s u p p o r t  i s  
i n f l u e n c i n g  t h e  b e h a v i o r  o f  t h e  m e t a l  by e i t h e r  c o n t r o l l i n g  t h e  
d i s p e r s i o n  o f  t h e  m e t a l  c r y s t a l l i t e s  or by  e x h i b i t i n g  a s t r o n g  
m e t a l - s u p p o r t  i n t e r a c t i o n .  
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2. CE30CH3 + 302 ---- > 2C02 + 3 H 2 0  - 3 1 7 . 1  -316.8 

3. 2CR4 + 402 ---- > 2C02 + 4A20 -365.0 -341.4 

F U E L  T A N K  C A T A L Y T I C  

T O  E X H A U S T  

F i g u r e  1. A u t o m o t i v e  s y s t e m  f o r  m e t h a n o l  d e c o m p o s i t i o n .  
The  u n h a t c h e d  p a t h w a y  d e l i n e a t e s  t he  t r a n s p o r t  o f  f u e l  
t o w a r d  a n d  i n t o  t h e  e n g i n e ;  t h e  h a t c h e d  p a t h w a y  i l l u s t r a t e s  
t h e  d i s c h a r g e  of e x h a u s t  g a s e s  f r o m  t h e  e n g i n e .  
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I 

A1 

PI-A1 

Pd-Li-A1 

Pd-Mg-A1 

Pd-La-A1 

Pd-La- A1 

Pt-A1 

Pt-Li-A1 

Pt-Mg-Al 

Pt-La-A1 

300 
550 
300 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
500 
300** 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

0 

0.5 

0.5 

0.5 

0.5 

3.0 

0.5 

0.5 

0.5 

0.5 

0.9 
78.9 

0.9 

60.8 
72.5 

0.4 

36.5 
94.3 
1 .o 

36.6 
92.9 

0.7 

85.6 
61.7 - 
85.4 
18.0 
83.5 

25.2 
40.9 
35.8 

46.8 
65.2 
45.0 

45.8 
52.7 
50.1 

48.3 
26.6 
69.6 

0 
7.5 
0 

0.9 
10.3 

0 

0 
0 
0 

0 
1.2 
0 

0.8 
2.0 - 
2.4 

41.8 
2.0 

2.7 
28.4 

1.5 

0.8 
16.0 

0.9 

0.6 
22.0 

1 .o 

0 
35.5 

0 

0 
6.7 

0 

0.8 
6.7 

0 

0 
1.3 
0 

0 
1.3 
0 

0.7 
2.6 - 
1.0 

17.7 
0.7 

1.8 
13.0 

0.7 

0.8 
8.1 
0.6 

0.5 
11.4 
0.4 

2.0 
16.8 

1.2 

25.1 
5.8 

25.5 

13.5 
8.1 
2.5 

1.5 
2.7 
0.8 

1.5 
3.5 
2.5 

3.2 
13.6 - 

5.8 
22.1 

7.6 

25.4 
16.4 
22.0 

1.0 
9.7 
1.2 

1.6 
12.3 

2.5 

4.6 
19.8 

2.9 

47.5 
0 

46.7 

12.2 
0.8 

95.0 

62.0 
1 .o 

98.0 

61.9 
0.7 

95.0 

9.2 
7.1 - 
2.7 

0 
2.5 

23.3 
0.6 

19.3 

49.5 
0 

51.2 

51.8 
0 

44.5 

42.1 
0.6 

23.0 

26.6 
0 

27.0 

21.3 
0 
0 

0 
0.8 

0 

0 
0.5 
1.8 

1.5 
12.9 - 

2.4 
0 

2.6 

21.1 
0 

20.0 

0 
0 
0 

0 
0 
0 

0 
0 
0 ................................................................... 

* Catalyst Ut. = 0.400 g, approx. 5% metal oxide modifier present 
Space Velocity = 1.9 g MeOH/g cat.-hr. 
Pressure = 608.0 mm Hg ** After testing at 5OO0C 
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PI-A1 

Pd-Li-A1 

Pd-Cs-A1 

Pd-La-A1 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
500 
300** 

57.8 
25.6 
59.2 

53.4 
60.8 

1.4 

34.8 
56.7 
34.2 

56.7 
33.9 
51.6 

31 .O 
5.4 

32.2 

29.2 
30.2 

0.5 

19.9 
27.9 
18 .2  

30.4 
10.5 
28.0 

0.7 
31.0 
0.8 

0 
0.8 
0 

0.5 
6.4 
0.3 

0 
25.0 

0 

0.3 6.5 1.1 2.5 
15.8 22.3 0 0 
0.3 5.0 0 0 

0 1.1 16.3 0 
2.3 3.0 0.2 2.7 

0 2.3 96.8 0 

0 4.1 40.6 0 
4.2 4.9 0 0 

0 2.5 44.8 0 

0 0 13.0 0 
14.2 16.1 0 0 

0 1.7 18.6 0 

Pd-A1 

Pd-Li -A1 

Pd-Cs-A1 

Pd-La-A1 

f r e s h  
r e d u c e d  
t e s t e d  

f r e s h  
r e d u c e d  
t e s t e d  

f r e s h  
r e d u c e d  
t e s t e d  

f r e s h  
r e d u c e d  
t e s t e d  

2.6 0 
2.6 - 
2.6 - 

2.9 5 . 0  
2.9 - 
2.9 - 
2.8 5.0 
2.8 - 
2.9 - 
3.4 5.0 
3.3 - 
3.4 - 

- 
115.1 - 

- 
45.7 - 

- 
67.7 - 

- 
66.0 - 

- 
102.8 - 

- 
37.0 - 

- 
64.5 - 

- 
53.8 - -___---------__---______________________------------------------- 

* Ut. % m e t a l  v a s  d e t e r m i n e d  by a t o m i c  a b s o r p t i o n  ** E s t i m a t e d  f r o m  p r e p a r a t i o n  
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I 

F i g u r e  2 .  The X R D  s p e c t a  o f  a r e d u c e d  ( t o p )  a n d  a tested 
( b o t t o m )  P d / a l u m i n a  c a t a l y s t  m o d i f i e d  r i t h  l i t h i a .  

z 
("2 

I I I I 

INIT FINAL REDUC CALCIN FINAL 

F i g u r e  3 .  The  l i t h i a  m o d i f i e d  P d / a l u m i n a  c a t a l y s t  a l v a y s  
s h o v s  s e v e r e  d e a c t i v a t i o n  ( f i n a l )  a f t e r  e x p o s u r e  t o  h i g h  
t e m p e r a t u r e ,  b u t  i t s  a c t i v i t y  c a n  b e  r e s t o r e d  a f t e r  c a l c i n i n g  
i n  a i r  and  r e d u c i n g  t h e  c a t a l y s t  ( c a l c i n ) .  
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F i g u r e  4. XPS s u r v e y  s c a n  o f  a l i t h i a  ( t o p )  en0 a l a n t h a n a  
(bottom) m r d i f i e d  P d / a l u m i n a  c a t a l y s t  w h i c h  h a s  been 
e i t h e r  f r e s h l y  c a l c i n e d ,  r e d u c e d ,  or t e s t e d .  

134 



I Lithia modified 

REL MS 1 
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TEMPERATURE (OC)  

Lanthana Modified 
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Figure 5. TPD profile of CO from a lithia (top) and a 
lanthana (bottom) modified Pd/alumina catalyst. 
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F i g u r e  6 .  
Pd/alurnina 

The  d e p t h  
c a t a l y s t s  

p r o f i l e s  o f  t h e  XPS P d 3 d s i g n a l  for 
m o d i f i e d  w i t h  l a n t h a n a  or l i t h i a .  
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F i g u r e  7 .  The  d e p t h  p r o f i l e s  of  t h e  XPS C l s s i g n a l  f o r  
Pd/alurnina c a t a l y s t s  m o d i f i e d  w i t h  l a n t h a n a  or l i t h i a .  
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